whereas Zn in spring. However, Cd and Pb did not show any seasonality. Based on 36 comparisons of such seasonal trends with those of organic tracers as well as the air mass 37 trajectories, we infer that the seasonality in inorganic aerosols in the northeast Asian 38 atmosphere is mainly controlled by their season-specific source(s): soil dust in early spring, 39 biogenic emissions in spring/summer, microbial activities in autumn and forest fires/biomass 40 burning in autumn/winter. However, contributions from anthropogenic sources are significant 41 in all seasons. This study also suggests that fungal spores partly contribute to some trace 42 metals (i.e., Ni, Cu, As) while pollen contributes to Zn in aerosols. 43 4
including the potential biological sources and secondary formation processes depending on 23 seasons over Northeast Asia. This work is relevant for atmospheric composition and climate 24 change. 25 aerosols in Northeast Asia, we studied total suspended particulate samples collected in 27 Sapporo, northern Japan for inorganic ions and trace metals over one-year period. SO 4 2-was 28 found as the most abundant ionic species, which accounted for on average 4315% of the 29 measured total ionic mass followed by Cl -NO 3 -Na + . Among the metals determined, Ca was 30 found as the most abundant (455.2% of the measured total metals) followed by Fe whereas Zn in spring. However, Cd and Pb did not show any seasonality. Based on 36 comparisons of such seasonal trends with those of organic tracers as well as the air mass 37
Introduction 44
Atmospheric aerosols have an impact on the Earth's climate system directly by absorbing and 45 reflecting solar radiation and indirectly by acting as cloud condensation nuclei (CCN) on 46 local, regional and global scales. [1] They also have an adverse effect on human health [2] . Such 47 impacts of aerosols are largely depend on aerosol loading and chemical composition that are 48 spatially and seasonally variable in the lower atmosphere [3] . Aerosol loading varies in the 49 range of 1-100 g m -3 and dominant chemical components of the aerosols are characterized 50 by sulfate, nitrate, ammonium, sea salt, minerals, organics and elemental carbon, each of 51 which typically contribute about 10-30% of the overall mass load.
[3] On the other hand, trace 52 metals are typically present in elevated concentrations, especially in urban aerosols, and their 53 water-soluble contents are significant in atmospheric waters (e.g., cloud water). [4] [5] [6] 
54
Aerosol SO 4 2-affects the radiation budget directly by reflecting solar radiation and 55 indirectly by altering the physical properties of aerosols. [7] Inorganic salts are more 56 7 Chromatodisc Type A, 0.45 m) and then injected into IC. For anion measurement, a column 119 of SI-90 4E (Shodex, Showa Denko, Tokyo) equipped with a suppressor was used with an 120 eluent of 1.8 mM Na 2 CO 3 + 1.7 mM NaHCO 3 solution at a flow rate of 1 (Table 1) . Its relative abundance in all the metals detected is 221 455.2% followed by Fe (274.5%). Al (213.1%) was found as the third most abundant 222 metal followed by Zn  Ti  Mn  Ni  Pb  Cu  V  As  Cr  Cd (Table 1 [35] and SO 4 2-are 238 both characterized by a gradual increase from winter to growing season (mid spring to mid 239 summer) by a factor of about 3 and 2, respectively, followed by a gradual decrease, although 240 the trend is not clear in autumn (Fig. 3a) . Further the MS -and SO 4 2-were abundant in 241 summer followed by spring (Fig. 5a ). In addition, SO 4 2-showed a linear relationship with 242
MS
-with a moderate correlation (r12 arriving over Sapporo during autumn to spring originated from Siberia passing over 244
Northeast Asia and the Sea of Japan (Fig. 2) [37] and phytoplankton bloom in the ocean [35] 250 is significant and enhanced with increasing ambient (and soil) temperatures. In summer, the 251 air masses originated from oceanic regions passing over coastal region and/or the mainland of 252 Japan in summer (Fig. 2) should have mainly enriched with DMS rather than SO 2 . 253
In addition, ambient temperature, which promotes the photochemistry, showed a 254 distinct seasonal trend in Sapporo with winter minima and summer maxima whereas the RH, 255 which enhances the secondary processing of aerosols, showed a gradual increase from mid 256 spring to late summer (Fig. 1) . In contrast, precipitation that causes the wet scavenging of 257 aerosols was relatively stable throughout the year, except in winter (high frequency) and 258 summer (high amount) (Fig. 1) . A similar pattern should prevail in Northeast Asia. Therefore, 259 it is likely that the seasonal pattern of MS -and SO 4 2-might have been driven mainly by 260 enhanced emissions of their precursors from season-specific (source(s), potentially biogenic 261 emissions in growing season, followed by intensive secondary formation processes whereas a 262 potential removal by wet scavenging could have played a minor role. 263
Interestingly, the temporal trends of sum of hopanes (C 27 -C 32 hopanoid hydrocarbons), 264 specific biomarkers of petroleum and coal [38] and elemental carbon that derives from fossil 265 fuel combustion and biomass burning did not follow clear seasonal pattern during the 266 campaign, except relatively high levels during late autumn to mid winter (Fig. 6) , suggesting 267 that the contributions from fossil fuel combustion to Sapporo aerosols are significant in all 268 increased consumption of fossil fuels in winter than in other seasons in East Asia [39] . In fact, the concentration range of MS -in Sapporo aerosols (Table 1 ) is comparable to 280 that reported for the marine aerosols from the North Yellow Sea (12-75 ng m -3 ), [40] the Oki 281
Islands in the Sea of Japan (3-95 ng m -3 ) [41] and other oceanic regions (~10-100 ng m -3 ) [35, 42] 282 and the forest aerosols (9-95 ng m -3 ) collected at two levels (~2 m and ~15 m) of the 283 experimental forest in Sapporo, Japan, where the canopy height is ~20 m.
[43] The 284 contributions of MS -in the marine and forest aerosols were attributed to the emission of 285 DMS from phytoplankton bloom and forest floor, respectively, followed by the subsequent 286 photochemical oxidation. It is noteworthy that the averaged seasonal variations of MS -in 287 marine aerosols over Oki Islands in the Sea of Japan for a 9-year period showed a sharp 288 increase from March to May followed by a gradual decrease to October.
[41] In contrast, in 289
Sapporo aerosols, MS -concentrations gradually increased from March to May and stayed 290 high until late summer followed by a gradual decrease to autumn (Fig. 2a) [35] in Sapporo summer aerosols (average 1.55) is three times higher than that 296 (0.55%) of the summer aerosols from the North Yellow Sea.
[ campaign. Under such conditions, the production of (NH 4 ) 2 SO 4 is favored over the formation 313 of NH 4 NO 3 through the homogeneous reaction between H 2 SO 4 and NH 3 , which is intensive 314 under high temperature and RH, rather than HNO 3 and NH 3 . Meanwhile, HNO 3 is more 315 likely reacted with sea-salt (e.g., NaCl) and crustal particles (e.g., CaCO 3 ). [26] 316
On the other hand, the origins of the air parcels that arrived in Sapporo in each season 317 may have also influenced the different seasonality between SO 4 2-and NO 3 -. The air masses 318 15 that originated from Siberia passing over Northeast Asia during autumn to spring (Fig. 2)  319 should have been enriched with NO x (the precursors of NO 3 -) and SO 2 that are emitted from 320 biomass burning and anthropogenic activities. In addition, the air masses may be enriched 321 with DMS emitted from terrestrial vegetation in spring. In summer, the air masses originating 322 from oceanic regions passing over coastal region and/or the mainland of Japan (Fig. 2) Concentrations of Cl -are higher in autumn to spring than in summer whereas Na + and 331
Mg
2+ peaked in autumn and early spring and minimized in winter as well as in summer (Fig.  332   3a) . Those of Ca 2+ stayed low in autumn and summer and slightly decreased in winter, 333 however, they showed a peak in early spring (Fig. 3a) . Cl -and Na + are considered as typical 334 components of sea-salt whereas Mg 2+ and Ca 2+ are crustal components. The higher 335 concentrations of Mg 2+ and Na + in autumn may be attributable to significant mixing of soil 336 dust and sea-salt when the air masses passed over Northeast Asia and the Sea of Japan. On 337 the contrary, the concentrations of Ca 2+ and Cl -in autumn were almost similar to those in 338 winter (Fig. 3a) , suggesting that Mg 2+ and Na + are derived from other source(s) rather than 339 soil dust and sea-salt in this season. 340
It is noteworthy that Na + is most abundant in autumn (Fig. 5b) , although its peak values 341 in spring are comparable to those in autumn and the average and median values of Mg 2+ in 342 autumn and spring are the same (0.19 g m -3 ) (Fig. 3a) , despite a significant sea-salt 343 contribution in summer, and enhanced soil dust contribution in early spring as discussed 344 below. In addition, Mg 2+ showed insignificant but negative relations with Al, a tracer of 345 crustal emission, [34] in autumn (r 2 = 0.19), suggesting that soil dust may not be a major source. 346
As noted earlier, sea-salt contribution to Na + may not be the major source in autumn. 347 Therefore, it is likely that the abundant Mg 2+ and Na + in autumn may be derived from other 348 source, probably microbial activities. Fungal activities in soil surface emit the spores and 349 hyphae, which are significantly enriched with several elements including Na and Mg.
[44]
350
Their activities on fallen leaves may be increased during defoliation season. In fact, the 351 concentration of mannitol that is mainly produced by fungi is highest in autumn (20.313.3 352 ng m -3 ) followed by summer (7.073.38 ng m -3 ) (Fig. 6 ).
[25] Therefore, we consider that the 353 fungal activities are the potential sources of Na + and Mg 2+ in autumn. 354
The relatively low concentrations of ions may be associated with wet scavenging in 355 winter when snow precipitation frequently occurred (Fig. 1) . Their peaks (e.g., Ca 2+ ) in early 356 spring may be due to the soil dust injection to the atmosphere from the arid regions of 357
Mongolia and Northeast China [34] followed by a long-range transport. In fact, two massive 358 dust storms occurred in Mongolia and Northeast China in early spring on 20 and 31 March 359 2010, respectively (http://earthobservatory.nasa.gov). Liu et al. [45] reported that the dust 360 storm in Mongolia was blown in Beijing, China and the dust plume covered over the 361 downwind regions including Hokkaido Island. 362
In summer, the lowest concentrations of Cl -, Na + , Mg 2+ and Ca 2+ as well as NO 3 -, which 363 exist preferably in coarse mode, might be associated with the enhanced dry and wet 364 deposition. Agarwal et al. [23] reported that the concentrations of these ions (Na + is not 365 [46] The high temperature and low wind speed in 370 summer ( Fig. 1 ) might have caused boundary layer convective instability and reduction in 371 convective mixing of pollutants, respectively, and hence, the dry deposition of coarse 372 particles might be intensive in summer. In addition, the washout of pollutant should be more 373 efficient in summer due to high amount of precipitation (Fig. 1) showed a decrease toward late winter followed by an increase in early spring and thereafter. 380
They stayed relatively stable, except for few cases, from mid spring to summer (Fig. 3a) . It is 381 well recognized that NH 4 + and K + are mainly originate from biomass burning and biogenic 382 emissions. [47] [48] [49] Higher levels of these species during mid autumn to mid winter may be 383 associated with forest fires and/or biomass burning on a local and/or regional scale, whereas 384 the increase of K + from late winter to early spring may be caused by the long-range 385 atmospheric transport of soil dust. Concentrations of levoglucosan, an excellent tracer of 386 biomass burning [50] , were also high in mid autumn to mid winter (Fig. 6) , further supporting 387 the enhanced contributions from the biomass burning during this period. 388
In spring and summer, the temporal trends of K + and NH 4 + (Fig. 3a) are not consistent 389 with that of levoglucosan (Fig. 6 ). This discrepancy is probably due to significant 390 decomposition of levoglucosan [51] and (or) biogenic contributions of K + and NH 4 + in during 391 growing season. In fact, K + in Sapporo aerosols showed a good correlation with SO 4 2-in 392 spring (r=0.71), which is partly derived from biogenic emissions. However, MODIS fireand northeast China in spring and over Japan mainland in summer 2010 (see Fig. S1 ). The air 395 masses arriving over Sapporo in spring originated in Siberia and passed over Northeast China 396 whereas in summer, they passed over Japan mainland (Fig. 2) Crustal metals such as Al, Ca, Fe, Ti and Mn [33] did not show any significant seasonal 405 variations, although their concentrations are relatively low in winter (Fig. 3b) probably due to 406 wet scavenging by snowfall (Fig. 1) . They showed a very sharp increase in early spring 407 (April 1-15) followed by a gradual decrease to late autumn (Fig. 3b) . Being similar to Ca 2+ , 408 these trends indicate a significant contribution of soil dust particles that are transported from 409 the arid regions in Mongolia and Northeast China, [45] 
as discussed earlier. 410
Ni showed a gradual decrease from autumn to mid winter and a gradual increase toward 411 early summer followed by a decrease in mid summer (Fig. 3b) . The seasonal trends of both 412 Cu and As are quite similar to that of Ni in autumn to mid spring and the rest of the period 413 (Fig. 3b) . The concentrations of Zn are rather constant during the campaign, except for spring: 414 a gradual increase from winter to late spring followed by a decrease to summer, although a 415 high value was observed in early summer (Fig. 3b) . V and Cr did not vary significantly in 416 autumn but showed a gradual decrease in winter followed by a sharp increase in early spring. 417
Thereafter V stayed relatively high until late summer whereas Cr decreased gradually towardcampaign (Fig. 3b) . 420
The trace metals: Ni, Cu, As, Zn, V, Cr, Cd and Pb, are considered to be emitted to the 421 atmosphere by fossil fuel combustion, metallurgical industrial activity and traffic pollution. [52] 422 Therefore, it is likely that they originate from anthropogenic sources over the region. The 423 lower values in winter might be associated with wet scavenging by snowfall (Fig. 1) whereas 424 a sharp increase in early spring may be due to soil dust injection from arid regions of 425
Mongolia and northeast China, [45] where the soil surface could have been enriched with 426 anthropogenic pollutants. However, the reason for a gradual decrease in autumn to winter and 427 a gradual increase from winter to late spring of some trace metals (i.e., Ni, Cu, As, Zn) is 428 unclear. In fact, the combustion tracers; (i) hopanes [38] (ii) levoglucosan [50] and (iii) EC, did 429 not show such seasonal trends in Sapporo aerosols.
[25] Hence, it is possible that the seasonal 430 trends of Ni, Cu, As and Zn should have been driven by other season-specific source(s). 431
Interestingly, Ni, Cu and As (Fig. 3b) showed a seasonal trend similar to that of 432 mannitol (Fig. 5) , which is considered as a tracer for bioaerosol (fungal species).
[53] On the 433 other hand, seasonal pattern of Zn (Fig. 3b) is similar to that of sucrose (Fig. 5) , which is a 434 tracer of pollens emitted from terrestrial plants. [54] Fungi uptake the trace metals from the 435 substrate and the extent of their bioaccumulation is species-specific.
[55] As shown in considered to be emitted from metallurgical industrial activity, [52] are associated with 444 different factors obtained from Varimax rotated factor analysis of trace metals (see Table 3 ). 445
Therefore, we consider that the terrestrial biological sources including microbial activities 446 should have partly contributed to trace metals in Sapporo aerosols. Nriagu [57] reported that 447 biogenic sources could account for 30-50% of the global baseline emissions of trace metals, 448 which again supports our assumption. 449
450

Factor analysis 451
Factor analysis (FA), which does not require a prior information on source composition, [58] 452 has been widely used to apportion the sources of chemical species in atmospheric aerosols. [59] 453
In this study, Varimax rotated FA was applied to inorganic ion and trace metal data sets (n = 454 21) to further examine the likely sources discussed in the previous section and the obtained 455 results are presented in Tables 2 and 3 , respectively. The FA resulted three factors each with 456
Eigen values greater than 1 that explain 87% and 83% of the total variance of the data sets, 457 respectively. The factor loadings: >0.75, 0.75-0.5 and 0.5-0.3, which can be classified as 458 strong, moderate and weak, respectively, [60] are used to infer the factors to distinguish 459 possible sources. It should be noted that the sample size (n = 30 + (V+3)/2) of both ions and 460 metals is relatively small for FA.
[58] However, the communalities obtained for all species 461 are >0.6, except for V and Zn (0.5), suggesting that the obtained results from the FA of these 462 data sets should be reasonable. [61] 463 464
Inorganic ions 465
The first factor, which accounted for 31% of total variance, is strongly loaded with 466
Mg 2+ and Na + and moderately with Ca 2+ and weakly with Cl - (Table 2) . Na + and Ca 2+ are 467 typical sea-salt and crustal components, respectively. Mg 2+ originates mostly from soil dust 468 but oceanic emissions also could contribute at significant levels. In fact, Mg 2+ showed a 469 positive correlation (r 2 = 0.24) with Al, a tracer for crustal origin, [34] during the campaign (n 470 = 21). Hence, this factor can be attributed to a natural source: soil dust and sea-salt. It is 471 noteworthy that both NO 3 -and K + are positively correlated with this factor, although the 472 loading is very poor (Table 3) , suggesting important heterogeneous reactions (mainly for NO 3 ) 473 with dust and sea-salt and/or that biomass burning emissions may be associated with this 474 factor. 475
The second factor, which accounted for 30% of total variance, strongly loaded with 476
MS
-and SO 4 2- (Table 2 ). These ions are produced in the atmosphere by secondary 477 transformations through photochemical reactions of their precursor compounds (DMS, SO 2 ) 478 of biogenic and anthropogenic/biogenic origins, respectively, as discussed earlier. Therefore 479 it is apparent that the second factor represents the secondary aerosols produced by 480 homogeneous photochemical reactions. A weak positive correlation of K + and Ca 2+ with this 481 factor may be due to a possible association of SO 4 -with these metal ions. 482
The third factor, which accounted for 25% of total variance, is strongly associated with 483 
Trace metals 490
The first factor is strongly loaded with Al, Ca, Ti, Mn, and Fe, which are typical crustal 491 components [33, 34] and with Cr, accounting for 41% of total variance. V is weakly loaded with 492 this factor whereas Ni, As and Pb are also positively correlated, however, their loadings are22 very poor (Table 3) . Hence, this factor can mainly be attributed to soil dust. The second 494 factor is strongly loaded with Ni and Cu, moderately with V and As, and weakly with Zn, 495 accounting for 21% of total variance (Table 3 ). The metallurgical industrial activities have 496 been considered as the major source of Cu, As and Zn whereas oil combustion is considered 497 as a source of Ni and V.
[52] Therefore, this factor may be associated with industrial emissions 498 mixed with other (fossil fuel combustion) anthropogenic sources. The third factor correlates 499 strongly with Cd and Pb, moderately with Zn and weakly with Cr and As, accounting for 500 20% of total variance (Table 3) . Mn, Fe and Cu also showed a positive correlation with this 501 factor, although the coefficient is poor. All these trace metals are most likely derived from the 502 anthropogenic activities, particularly fossil fuel combustion.
[52] Hence, this factor can be 503 interpreted as emissions of fossil fuel combustion and road dust from the presence of Pb, Zn, 504
Cu and crustal elements. 505 506
Summary and conclusions 507
Atmospheric aerosol (TSP) samples collected from Sapporo, northern Japan for one-year 508 period, were studied for inorganic ions and trace metals using ion chromatograph (IC) and 509 inductively coupled plasma mass spectrometry (ICP-MS), respectively. SO 4 2-was found as 510 the most abundant ion whereas Ca was the most abundant metal. The mass fraction of sum of 511 inorganic ions in TSP ranged from 20% to 51% with an average of 3110%, in which SO 4 2-512 accounted for 123.8%. The group of crustal metals alone accounted for 952% of the total 513 metals determined. The seasonal trends of MS -(a tracer for biologically derived sulfur) and 514 SO 4 2-showed maxima in growing season, while crustal metals peaked in early spring, 515
suggesting that biogenic emissions maximized in spring/summer whereas soil dust injection 516 did in early spring. Na + and Mg 2+ were abundant, despite insignificant contribution of both 517 sea-salt and soil dust, in autumn. In addition, Ni, Cu and As showed maxima in autumn. Such23 seasonal trends and their comparison with those of tracer species reported in our samples [25] 519 suggest the potential contribution of microbial activities in autumn. NH 4 + and K + became 520 more abundant from mid autumn to mid winter as well as from mid spring to late summer, 521 indicating the enhanced contributions from biomass burning in these periods. The present 522 results together with factor analysis of ionic species and trace metals, comparisons of the 523 seasonality of specific ions and metals with the tracer species, and air mass trajectories, imply 524 that the long-range atmospheric transport of soil dust, and anthropogenic emissions including 525 biomass burning, biogenic emissions including microbial activities, and secondary production 526 from both anthropogenic and biogenic emissions are the major sources of Northeast Asian 527 aerosols, with the relative contributions being depending on seasons. 
